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Abstract. A time series of the core layer temperature 
(CLT) of the North Pacific subtropical mode water for the 
40-year period from 1957 to 1996 is constructed using all 
available temperature profiles archived in World Ocean 
Database 1998. CLT is defined as the temperature of the 
layer having the minimum vertical temperature gradient at 
a single profile, with temperature ranging from 15 to 19øC. 
Annual mean CLT is calculated using all CLT data taken 
from May to December for four 5 ø x 10 ø (lat. x lon.) 
regions from 30 ø to 35øN and from 140øE to 180 ø. The 
CLT time series shows decadal to interdecadal variation, 
as well as interannual variation. This time series correlates 
very. well with that of wintertime (February and March) 
sea surface temperature in the same region. Relationships 
are investigated among several atmospheric irculation 
indices, the Kuroshio transport, and CLT. As a result, it is 
suggested that CLT might be crucially influenced by the 
Kuroshio transport in a time frame longer than ten years, 
and by the wintertime East Asian Monsoon in shorter time 
frames. 
1. Introduction 
The northwestern part of the subtropical gyre in the 
Northern Hemisphere is the area where the ocean loses a 
huge amount of heat to the aunosphere in winter, and the 
western boundary current transports warm water from low 
latitudes. In this area, a water mass with vertically uniform 
water properties, called subtropical mode water 
(henceforth STMW), is thickly and widely distributed 
between the seasonal and main thermoclines. Since the 
water properties and distribution of STMW are considered 
to be reflected by the wintertime heat loss of the ocean 
and the warm water transpor• by the western boundary 
current, elucidating the long-term variation of STMW is 
very. important to understand the air-sea interaction in 
winter, and the resulting climate change. 
As pointed out by Hanawa and Talley (2001), the long- 
term variability of STMW lms not yet been thoroughly 
investigated. However, recently, since hydrographic data 
set such as the World Ocean Database 1998 (Conkright et 
al. 1998, henceforth WOD98) has been released, it is a 
good time to investigate the long-term variability of 
STMW. 
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In the present study, as the first step of this kind of trial, 
temporal behavior of the core layer temperature (hence- 
forth CLT) of the North Pacific subtropical mode water 
(NPSTMW) in the formation area is investigated, with 
special reference to the relationship between atmospheric 
circulation and the Kuroshio transport in the sea south of 
Japan. 
2. Data used and definition of CLT 
We used the "standard level data" of all historical 
temperature profiles archived in WOD98: files of 
Historical Ocean Station Data (OSD), Mechanical Bathy- 
thermograph (MBT), Digital Bathythermograph (DBT), 
Conductivity-Temperature Depth (CTD) and Expendable 
Bathythermograph (XBT). Since the formation area of 
NPSTMW can be regarded as the region south of the 
Kuroshio Extension approximately from 28 ø to 35øN and 
from 140øE to 180 ø (Hanawa, 1987; Hanawa and Hoshino, 
1988; Suga and Hanawa, 1990), four 5øx10 ø (lat. x lon.) 
regions from 30 ø to 35øN and from 140øE to 180 ø shown 
in Fig. 1 were set to estimate CLT in each 5øx10 ø region 
separately. 
CLT was defined as the temperature at the laver with 
the minimmn of vertical temperature gradient (see e.g., 
Taneda et al., 2000). Since mode water thickness 
generally exceeds several hundreds •neters, CLT is 
considered to hold its temperature at the formation stage 
throughout he year even after the formation season of 
wimer (Taneda et al, 2000). In the presem study, annual 
mean CLT was calculated using the data taken for the 
period of eight months from May to December; that is, the 
data taken for four months from January to April were 
discarded in order to avoid the contamination of 
developing mixed layer temperature. Since the start 'dard 
level data of WOD98 were too coarse to calculate the 
vertical temperature gradient, the minimum vertical 
temperature gradient at a single profile was estimated 
using 10-m interval data, which were imerpolated 
adopting Akima's scheme to standard level data (Akima, 
1970). 
Monthly mean sea surface temperature (SST) data with 
løxl ø resolution provided by the Japan Meteorological 
Agency were also used to calculate wintertime (February 
and March) SST. The data of Kuroshio transports at the 
meridional section called the G-line (approximately from 
29.5 ø to 33.5øN, along 135øE) were also used (Nakamura 
and Hinata, 1999). Since these are seasonal-basis data 
with some blanks, after the blanks were filled by linear 
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Figure 1. Thickness distribution of the layer with temper- 
ature of 15 to 19øC which can be approximately regarded 
as the North Pacific subtropical mode water (NPSTMW). 
Units in meters. Dashed line indicates the 12øC isotherm 
at 300-m depth represeming the Kuroshio Extension path. 
The figure was redrawn fr6m Fig. 9(a) of Suga et al. 
(1997). The hatched area represents four regions of 5 ø x 
10 ø (lat. x Ion.) in which annual mean CLT of NPSTMW 
and wintertime SST are estimated. 
interpolation, we arrived at the annual mean Kuroshio 
transport (KTR). Three atmospheric irculation indices 
were also used. One is the Monsoon Index (MOI), which 
can represent the strength of the wintertime East Asian 
monsoon (see e.g., Yasuda and Hanawa, 1999), and the 
others are the well-known Southern Oscillation Index 
(SOI) and the North Pacific Index (NPI) proposed by 
Trenberth (1990). It is known that NPI can represent the 
activity of the Pacific/North American (PNA) tele- 
connection pattern which is closely related to the strength 
of the Aleutian Low (see e.g., Trenberth and Hurrell, 
1994). These three indices used represent winter values 
averaged from December through February. 
3. CLT time series 
Figure 2 shows the time series of the annual mean CLTs 
in Regions I through IV. From these time series, we can 
point out that CLTs in the eastern regions are lower, 
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Figure 2. Time series of CLTs in Region I fitrough Region 
IV. Solid, long-broken, short-broken and dot-long lines 
show CLTs in Region I through Region IV, respectively. 
although their temporal behaviors are very similar to that 
of Region I: Correlation coefficients are 0.86 for Region II, 
0.79 for Region III, and 0.51 for Region IV. We also 
notice the existence of variations of both shorter and 
longer thne scales. Actually, spectral analysis (not shown 
here) shows two broad peaks around 2-4 years, and a time 
scale greater than 10 years, i.e., decadal to interdecadal 
variation. Based on these findings, in the following 
sections, we focus our attention on the time series of 
Region I and two time scales separately, i.e., time scales 
shorter and longer than ten years. 
4. Results of cross correlation analyses 
Figures 3(a) through (c) sho•v the time series of the 
original, shorter and longer time scales of CLT, SST, KTR, 
MOI, SOI, and NPI. In this section, the results of cross 
correlation analyses among these variables are described. 
Here, the significance level was selected as 95%, and the 
degrees of freedom were estimated dividing the data 
length by the integral time scale calculated according to 
the method of Davis (1976). Therefore, the thresholds of 
correlation coefficient of each combination of variables 
denoting significance or not are different from one 
another. 
In the shorter time scale (Fig. 3Co)), CLT has a high 
correlation exceeding the 95% significance level with 
three variables, i.e., SST (0.61), MOI (-0.43) and NPI 
(0.44), with zero-year time lag. Since STMW is formed in 
the winter mixed layer whose temperature is appro- 
ximately SST, a high correlation between CLT and SST is 
reasonable. 
The existence of bias between CLT and SST is also 
understandable, when we consider the fact tlmt STMW is 
formed at the time when surface water density becomes 
heaviest (temperature becomes lowest). That is, a two- 
month averaged SST is expected to be in general greater 
than CLT of STMW. A lower correlation coefficient of 
CLT vs. MOI (-0.43) compared with SST vs. MOI (-0.71) 
is also reasonable, since MOI is also a two-month average 
value, although Taneda et al. (2000) found the high 
correlation of CLT vs. MOI (-0.81) for a 12-year time 
series from 1984 to 1995. 
In the longer time scale (Fig. 3(c)), it is seen that all 
variables have decadal to interdecadal variation, although 
they show only one or two undulations in the time series. 
Since the integral time scale is much longer, the threshold 
of significance l vel for the correlation coefficient is very 
high; the degrees of freedom are 2 to 4. Nevertheless, a 
high correlation of CLT vs. KTR (0.84 with 2-year time 
lag: KTR leads CLT) was found. The correlation of CLT 
vs. NPI (-0.92 with 7-year time lag) also exceeds the 95% 
significance level. On the other hand, the correlation 
between CLT and 8OI did not exceed the significance 
level. 
5. Discussion on longer time scale 
In fids section, we interpret he result of the correlation 
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analyses for the longer time scale mentioned in the 
previous ection, and present he scenario of atmospheric 
forcing and resultant NPSTMW change. 
The high correlation between CLT and KTR might 
mean that CLT would be crucially influenced by KTR, 
since KTR can be considered to be the measure of warm 
water transport to the formation area of NPSTMW. In 
addition,. KTR also has a high correlation •vith NPI (-0.90 
with 5-year time lag: NPI leads KTR). As mentioned in 
Yasuda and Hanawa (1997), the activity change of the 
PNA pattern, which can be represemed by NPI, causes 
that in wind stress field over the North Pacific and 
resultant spin-up/spin-down of the subtropical gyre. 
From all these results, we might draw the following 
scenario: First, let's consider the strengthening of the 
Aleutian Low (positively high NPI) due to some reason. 
Then, the North Pacific subtropical gyre would be spun-up, 
and this would cause the increase of Kuroshio transport 
with a 5-year time lag. Then, the increasing supply of 
warm water into the formation region of NPSTMW may 
cause an increase of CLT with a 2-year time lag. 
The time lag of 5 years between KTR and NPI 
coincides with the f'mding of Deser et al. (1999), who 
discussed the relationship between the change of the 
basin-wide wind stress curl and the strength of the 
Kuroshio Extension. Recently, Imawaki (personal 
o.o • communication) also pointed out that the behavior of the 
_,.o longer time scale variation of the Kuroshio transport is 
,.o very similar to that of Sverdrup transport estimated at 
_•i• 30øN with a 4-year time lag. All these support our present 
,.o findings. 
o.o On the other hand, a time lag of 2 years between CLT 
-"•, .... oo ,,, ,,,5 ,,o5 ,,,o ,,,, and KTR might be considered asfollows, based on the 
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Figure 3. (a) Time series of CLT and SST in Region I, 
KTR, MOI, SOI and NPI. Time series of three 
atmospheric irculation indices are subtracted by mean 
values from 1957 to 1996 and normalized by standard 
deviations. Co) As in (a) but for variations with time scale 
shorter than 10 years. (c) As in (a) but for variations with 
time scale longer tlmn 10 years. 
discussion of residence time of NPSTMW in the 
formation region. First, the volume of NPSTMW in the 
formation region can be roughly estimated as 5 x 1014 m 3 
(5 ø (lat.) x 40 ø (Ion.) x 250 m in depth). If one fifth of the 
Kuroshio transport f 50 x 106 m 3 s '1 (see Fig. 3(a)) can 
contribute to water exchange in the formation region, then 
residence time can be obtained as 500 days (nearly 2 
years), although in this estimation, the most doubtful 
number is the flow rate of one fifth of the Kuroshio 
transport o the NPSTMW formation region. 
6. Conclusion 
In the present study, we constructed a trine series of 
CLT of NPSTMW in the north•vestem part of the North 
Pacific subtropical gyre, using all available temperature 
profiles archived in WOD98. The time series showed two 
broad peaks around 2-4 years and a decadal to inter- 
decadal time scale. Cross correlation analyses among CLT, 
SST, KTR, MOI and NPI suggested that CLT might be 
crucially influenced by the Kuroshio transport in a longer 
time scale, and by the wintertime East Asian Monsoon in 
a shorter time scale. 
Although in the present study only CLT of NPSTMW 
was treated, long-term variations such as NPSTMW 
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formation rate, its salinity and distribution may yield an 
useful information on climate change as well as changes 
in the oceanic structure. 
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